Synthetic cannabinoids have become a ubiquitous challenge in forensic toxicology and seized drug analysis. Thermal degradation products have yet to be identified and evaluated for toxicity in comparison to parent and metabolic compounds. An investigation into these pyrolytic products, as the major route of ingestion is inhalation, may produce additional insight to understand the toxicity of synthetic cannabinoids. The pyrolysis of JWH-018 and 11 additional synthetic cannabinoids and six herbal plant substrates were conducted using an in-house constructed smoking simulator. After pyrolysis of herbal material alone, the plant substrate was spiked with the drug compounds to 2-5% w/w concentrations. Samples were collected, filtered, evaporated under nitrogen gas, reconstituted in methanol, and analyzed via gas chromatograph-mass spectrometer. Pyrolysis of the plant material alone produced 10 consistently observed compounds between the six plant species. The pyrolysis of the synthetic cannabinoids produced a total of 52 pyrolytic compounds, where 32 were unique to a particular parent compound and the remaining 20 were common products between multiple cannabinoids. The thermal degradation followed three major pathways that are outlined to assist in producing a predictive model for new synthetic cannabinoids that may arise in case samples. The observed pyrolytic products are also viable options for analysis in post mortem samples and the evaluation of toxicity.
Introduction
In recent years, notable progress has been made in identifying the evolving generations of synthetic cannabinoids and their corresponding metabolites. However, two areas remain relatively unexplored: (1) the toxicity and mechanism of toxicity of the parent drugs and their metabolites and (2) identification of common pyrolytic products and their toxicity (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) . The latter is critical given that the most common mode of ingestion of synthetic cannabinoids is smoking or heated vapor inhalation. The acute toxicity of this abuse is of particular concern to forensic toxicology, medicolegal death investigation and public health and safety.
Synthetic cannabinoid abuse appeared in the mid-2000s, primarily in Europe and soon thereafter in the United States (11) (12) (13) (14) (15) . These compounds mimic Δ 9 -tetrahydrocannabinol (THC), the active ingredient of cannabis; however, they produce acute toxic responses that are not observed with the use of THC (11, 12, (16) (17) (18) (19) . The additional side effects, referred to as the "cannabinoid tetrad" include (1) hypothermia (2), analgesia (3), catalepsy and (4) suppression of locomotor activity (20) (21) (22) (23) (24) (25) (26) . Recent work in forensic toxicology in the context of synthetic cannabinoids has focused on analytical assays, and methods have been published for detecting synthetic cannabinoids along with their respective metabolites in toxicological matrices using hyphenated chromatographic/mass spectrometry instrumentation and immunoassays (12, 25, (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) . Lacking from the current literature are reports and data describing the synthetic cannabinoid pyrolytic products, mechanisms of toxicity of these species, and how this information could be used in the interpretation of forensic toxicology data. At least two authors have expressed the need to address these research gaps (38, 39) . To date, few pyrolytic products have been identified with only two being observed in toxicological matrices, UR-144 and XLR-11 degradants (40, 41) .
Further identification of pyrolytic products may provide insight into the cause of additional acute toxicities. The process of smoking is difficult to simulate given that the heated environment is thermally and chemically heterogeneous. Reaction zones of both oxidative and reductive chemistry may exist, altered by the process of inhalation. As a result, realistic and reproducible simulation of ingestion by smoking is difficult. Furthermore, there is no way to establish what compounds produced by smoking remain in inhaled air for delivery to the lungs and absorption into the bloodstream. In light of these considerations, exhaustive sampling and collection methods are a reasonable alternative as a starting point. A number of techniques have been used for conducting pyrolysis experiments, as summarized in a recent review, and include analytical pyroprobes, heating in sealed capillary tubes followed by extraction, and solvent trapping/impinge-like devices (10) . Each technique is geared toward collecting particular types of products. When utilizing a capillary tube or any apparatus to contain the sample while heating followed by extraction, the more volatile products are lost. Conversely, using an analytical pyroprobe, which connects to a GC inlet via a transfer line, may limit the sampling of the less volatile materials.
This paper describes results to date of a comprehensive characterization of the pyrolytic products associated with selected synthetic cannabinoids and six herbal substrates commonly seen in street samples. The work was accomplished using a device built in-house and designed to collect as many products as possible, from the most volatile to least. The analytical method was optimized using replicate and duplicate analyses starting with herbal mixtures without cannabinoids. These experiments established compounds that would be expected to arise from the substrate and to differentiate these from compounds arising from the synthetic cannabinoids. Using the optimized experimental procedures, each synthetic cannabinoids was characterized. The results were used to identify common pyrolytic pathways and to develop methods that will allow for prediction of pyrolytic products of new cannabinoids.
Methods
The experimental procedures spanned optimizing the constructed apparatus, evaluation of the designed method protocol, pyrolysis of herbal matrices and pyrolysis of synthetic cannabinoids. The apparatus was checked for air flow consistency and temperature to ensure adequate heat was acquired to induce pyrolysis. Initially, the method protocol specifically regarding sample collection was evaluated to optimize the collection of all pertinent produced products. Following the method checks, the herbal matrices were pyrolyzed to determine background pyrolytics, and finally the synthetic cannabinoid compounds were pryolyzed. 
Materials and reagents

Apparatus
The in-house constructed apparatus utilized a T-junction of quartz tubing to contain the pyrolysis reaction, and positioned into a 250 mL Erlenmeyer vacuum flask via rubber stopper so that the tip of the tube sits in the capture solvent. The flask is connected to vacuum for consistent air flow producing a light bubbling in the capture solvent. Using the pressure gauge, a setting of 2 inHg was chosen, which equates to 6.77 kPa. A major issue with mimicking the smoking process is the inherent variability of the process, whether in a cigarette, "joint" or in any version of a bong. While it is difficult to evaluate how closely a given design mimics a smoking process, it is possible and essential to record at which temperature pyrolysis takes place. For temperature monitoring, thermocouple wires were placed in the reaction zone. The wires were kept apart with plastic coating and inserted through the shorter piece of the T-junction by a series of smaller quartz tubes held together with a Teflon plug to ensure to wires only came in contact, which enables temperature recording, within the reaction zone. A photograph of the constructed apparatus is provided in the Supplementary material, S-1, schematic information of the T-junction and Teflon plug is provided in Supplementary material, S-2 and S-3 respectively, and heat signature data is included in Supplementary material, S-4.
Sample preparation
The samples of herbal material needed preparation, were weighed out to constant masses, and were introduced to the apparatus. Each synthetic cannabinoid sample was prepared individually over a two to three day period. The plant material mass was kept constant to ensure the pyrolysis atmosphere was consistent between trials, and the drug mass used was calculated thusly to produce a concentration level within the range of 2-5% by weight in milligrams. The synthetic cannabinoid standard was dissolved in methanol and sprayed onto the herbal material. This was conducted with movement of plant material in effort to homogenize spread of the drug compound. The sample sat overnight to allow the methanol to completely evaporate, leaving the drug compound behind on the herbal matrix.
Sample collection
Control samples from the apparatus and unburnt materials were initially analyzed. The collection method utilizes methanol as the solvent, so unburnt quartz wool and each herbal species in duplicate were soaked in methanol and analyzed via gas chromatograph-mass spectrometer (GC/MS). The quartz wool produced an equivalent spectrum to a methanol blank as expected. Any observed chromatographic peaks observed in both samples from the herbal material not seen in either the methanol or quartz blank were noted, and these background compounds were acknowledged as being present before herbal material and synthetic cannabinoid pyrolysis and thus not a pyrolytic product of interest. Upon completion of a given burning experiment, three samples are collected from the apparatus. From the reaction zone, the quartz wool plugs and any leftover ashes are transferred to a 5 mL LUER-SLIP plastic syringe fitted with a 0.45 μm filter. The contents are filtered with 5 mL of methanol and collected in a 10 mL vial as the first sample. The second sample is also collected into a 10 mL vial after rinsing the T-junction tube with 10 mL of methanol. The capture solvent from the 250 mL vacuum flask, which is 50 mL of methanol, is transferred to a 100 mL beaker as the third sample. All samples were evaporated under nitrogen and reconstituted in methanol. The capture solvent was reconstituted to 10 mL, transferred to a 10 mL vial, re-evaporated and reconstituted to a final volume of 2 mL. The rinse from the tube was reconstituted to a final volume of 2 mL, and the quartz/ashes sample was reconstituted to 500 μL.
Instrumental analysis
Analyses were performed using a Perkin Elmer Clarus 500 gas chromatograph with a Restek Rxi ® −5Sil with Integra-Guard ® 30 m × 250 μm × 0.5 μm column coupled with a Clarus SQ8T mass spectrometer. Helium was used as the carrier gas with a flow of 12.1 mL/min. The injection volume was a splitless 2 μL with the heater set at 275°C. The gas chromatography (GC) method had an initial temperature of 
Synthetic cannabinoid pyrolysis
Prior to analyzing the synthetic cannabinoids, compounds that arose from pyrolysis of the herbal material alone were characterized. This process and results are described in the Supplementary material, S-5, and the results were consistent with previous plant pyrolysis studies demonstrating that the current methodology is suitable for the present application. An optimization of experimental conditions was performed to determine the number of replicates and the number of extractions and rinses necessary to maximize recovery of pyrolytic products from the synthetic cannabinoids. This was accomplished through a series of five replicate experiments using JWH-018 on Damiana with exhaustive sampling. This sampling schematic is outlined in the Supplementary material, S-6. Results of these experiments demonstrated that a single wash is necessary for both quartz/ashes and tube samples. Additionally, consistent data was observed through the five trials, and it was determined that three trials was sufficient to acquire all variations of products. As a result, the remaining JWH-018 trials on the other five herbal matrices was carried out at an n = 3 using only a single rinse for sample collection. Upon completion of JWH-018 analyses, no differentiation of results was observed between the six herbal matrices. The remaining 11 synthetic cannabinoid analyses were performed using the same parameters as JWH-018, but only on a single herbal matrix, Damiana.
Data analysis
The data analysis stepwise limited the chromatographic peaks of interest to those consistently observed. Initially, chromatographic peaks were limited to those with a signal to noise ratio greater than 5, as calculated by TurboMass 6.1.0 software. They were further narrowed down those consistently present in at least two of the three trials within a retention time window of ±0.05 min. The remaining peaks were noted as a possible pyrolytic product and evaluated for tentative identification. The identification process is difficult for such products due to the lack of standards available. Initially, a library search using the National Institute of Standards and Technology (NIST/NIH) database was carried out to obtain a starting point of a possible general structure. Mass spectrum analysis was conducted to insure the fragment breakdown was plausible for the predicted pyrolytic compound, and an example of this is shown in Figure 1 . Additionally, the chromatography was evaluated via retention index (RI) where possible. This combined data analysis along with a logical mechanism of production via pyrolysis was used to predict compound identifications, but these were not confirmed with reference materials as they are largely unavailable.
Results
Synthetic cannabinoid pyrolysis
The pyrolysis trials of the synthetic cannabinoids yielded 52 pyrolytic products, and each was found to have presence in the smoke as detected in either the tube or solvent samples, with little to none detected left behind in the quartz/ashes sample. This indicates a potential for harm as they travel within the inhaled smoke or off to the local atmosphere and may affect an innocent bystander. Of the pyrolytics, 32 were unique to a particular parent compound studied. The unique products might be exploitable as additional markers of synthetic cannabinoid use even when the parent compound is not detected. Assuming that these pyrolytics reach the body and are absorbed, this may widen the scope of toxicological analysis by providing analytes outside of the typical parent and metabolic compounds. Further studies into the metabolism, pharmacokinetics and pharmacodynamics are necessary to understand the effects of these products after production via the smoking process. Table I lists these products along with their respective parent synthetic cannabinoid, and Figure 2 outlines an example breakdown of parent to pyrolytic products. Two important pyrolytics to note were the degradants of UR-144 and XLR-11, as these are the two previously detected pyrolytics within toxicological samples, and their presence strengthens the utility of the current method as it is in agreement with expected pyrolytic compounds previously detected (40, 41) . Additionally, Daw et al. reported a possible pyrolytic trend of a 2 hydrogen loss at the end of the N-alkyl chain where present (39) . This trend was observed here with synthetic cannabinoids AB-PINACA, and JWH-018, −073, −081 and −210. Figure 2 further illustrates examples of three common breakdown tendencies across the pyrolysis of all 12 synthetic cannabinoids. The first is a break on either side of the central carbonyl group commonly present in synthetic cannabinoids. This breakdown trend produces pyrolytics such as indole or naphthalene products. The second trend, predictable due to the weak C-N bond, is the loss of the substituent group bonded to the nitrogen of the indole or indazole ring structures. An example of this in Figure 2 is 3-naphthoylindole, or other products such as formylvaline amide from AB-PINACA and 3-benzoylindole from AM-694. The last is the common pyrolytic process of a ring size increase. Majority of synthetic cannabinoids have either an indole or indazole ring structure, and with the pyrolytic ring size increase, they convert to a quinoline or cinnoline ring structure, respectively. These breakdown or conversion trends can be used for a prediction model for the thermal degradation of the continually evolving generations of synthetic cannabinoids.
Separate from the unique pyrolytic products for each cannabinoid, the remaining 20 products were shared between at least two of the parent synthetic cannabinoids studied, typically similar in structural class. These products are outlined in Table II and indicate which parent compounds produced each pyrolytic product. The detection of these products could not be used to indicate the use of any specific synthetic cannabinoid, but can be an indication for the use of synthetic cannabinoids in general or possibly limit the search to a structural class such as naphthoylindoles, indazoles or tetramethylcyclopropyls. Figure 3 shows an example breakdown of the different parent synthetic cannabinoids that produced the pyrolytic, quinoline. It can be noted that each parent compound includes an indole group, and this type of trend could be exploited to limit a search to those with an indole moiety if quinoline was detected during analysis if additional information points toward synthetic cannabinoid use. A limitation here would be other drug compounds that may also share quinoline as a pyrolytic product, but is still useful as a starting point during investigation.
Discussion
Due to the major route of ingestion of synthetic cannabinoids being inhalation through a smoking process, an understanding of the pyrolytic breakdown of these compounds is important for full analysis in toxicological samples. Pyrolysis has been studied in the past with different techniques; however, they had the tendency to focus on either the most or least volatile products. There is lacking data on the majority of products' volatility, but a few where there is, indicate the ability of the reported methodology to collect products across the volatility range. A few high volatile product examples are indole, quinoline and naphthalene whose vapor pressure levels are on the order of~10 −2 mmHg (42) (43) (44) . On the other side of the spectrum, low volatile parent compounds such as JWH-018 and JWH-073 whose vapor pressure is on the order of~10 −10 mmHg were also collected (45, 46) . The constructed apparatus demonstrated the ability to produce a "smoking-like environment", which is important as synthetic cannabinoids are often smoked using an herbal matrix laced with the compound of interest. Six common herbal materials were pyrolyzed to determine background products to differentiate from those pyrolytics of synthetic cannabinoids, and 10 consistent products, which were tentatively identified, were detected and consistent with previous pyrolysis studies on plant material demonstrating the methodology was fit for pyrolytic analyses. 
The pyrolysis trials of the synthetic cannabinoids produced 52 pyrolytic products. Thirty two of these products were unique to a particular parent cannabinoid compound, whereas the remaining 20 were shared by multiple parent compounds. The unique pyrolytics are important, as they may serve as additional toxicological markers and indicate use of a specific synthetic cannabinoid without detection of the parent or metabolic compound. The shared pyrolytic products are not an indication of a specific cannabinoid, but are a useful suggestion of synthetic cannabinoid use. Another powerful tool for these pyrolytics is for the analysis of drug paraphernalia for the presence of synthetic cannabinoids. Both the unique and shared products provide beneficial information to the field, as of now, they are limited to those synthetic cannabinoids included in the current study. It cannot be said that other compounds or future generations will not produce equivalent pyrolytics. Further studies are necessary as well as synthesis of reference standards to confirm the products proposed.
Upon analysis of the studied cannabinoids, three major thermal degradation trends were apparent including: (1) a break on either side of the central carbonyl; (2) loss of the indole/indazole N-bonded substituent group and (3) a ring size increase from indole/indazole to quinoline/cinnoline, respectively. These trends may be used as a predictive model for other synthetic cannabinoids not studied here, not yet seen in casework, or for future generations yet to be synthesized.
The current study has set the stage for further investigation into the pyrolysis of synthetic cannabinoids as multiple products have been proposed, which could be utilized in various facets of forensics. Future steps are to quantify this process as to obtain an idea of the percent breakdown of these compounds that can be expected as well as investigating their presence in biological matrices. If they do in fact reach the body, they may produce toxic effects. The World Health Organization (WHO) has classified the proposed products, but other indole, quinoline, cinnoline and naphthalene based compounds have been classified as group 2B, or possibly carcinogenic (47) .
Conclusion
The reported methodology was demonstrated as a suitable means for pyrolysis studies, and the performed analyses lay the groundwork for beginning to understand the effect of pyrolysis on synthetic cannabinoids. Ten pyrolytics were observed in the herbal substrate trials, and 52 pyrolytics were detected from the pyrolysis of the synthetic cannabinoids. The understanding of how the synthetic cannabinoids thermally degrade, via three observed breakdown or conversion trends, provides a predictive model to be used on additional compounds. The proposed pyrolytics also may provide additional analytes to be analyzed for in toxicological samples and for use in toxicity studies.
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